Small endonucleolytic ribozymes promote the selfcleavage of their own phosphodiester backbone at a specific linkage. The structures of and the reactions catalysed by members of individual families have been studied in great detail in the past decades. In recent years, bioinformatics studies have uncovered a considerable number of new examples of known catalytic RNA motifs. Importantly, entirely novel ribozyme classes were also discovered, for most of which both structural and biochemical information became rapidly available. However, for the majority of the new ribozymes, which are found in the genomes of a variety of species, a biological function remains elusive. Here, we concentrate on the different approaches to find catalytic RNA motifs in sequence databases. We summarize the emerging principles of RNA catalysis as observed for small endonucleolytic ribozymes. Finally, we address the biological functions of those ribozymes, where relevant information is available and common themes on their cellular activities are emerging. We conclude by speculating on the possibility that the identification and characterization of proteins that we hypothesize to be endogenously associated with catalytic RNA might help in answering the ever-present question of the biological function of the growing number of genomically encoded, small endonucleolytic ribozymes.
INTRODUCTION
In the current year, we look back to 30 years of continued discoveries on catalytic RNA, after the Nobel Prize in Chemistry was awarded to Tom Cech and Sid Altman in 1989 'for their discovery of catalytic properties of RNA' (http://www.nobelprize.org/prizes/chemistry/1989/ summary/). The distinguished discoveries were made on self-splicing Group I introns (1) and on the RNA subunit of bacterial RNase P (2) . The reactions of both these catalytic RNAs target RNA 3 ,5 -phosphodiester bonds, either in a series of two autocatalytic transesterification reactions in cis, or by means of a hydrolysis reaction carried out by the catalytic RNA component M1 of bacterial RNase P ( Figure 1A , C). The majority of currently known natural ribozymes, short for ribonucleic acid enzymes, act on RNA 3 ,5 -phosphodiester bonds, with further examples being group II introns (3, 4) and the small nucleolytic ribozymes (5) , whose reactions are shown in Figure 1B , D. In contrast, the peptidyl transferase centre of the ribosome consists of an RNA that catalyses the formation of peptide bonds (6; Figure 1E ).
Early observations made by Harry Noller et al. already pointed strongly towards the possibility that proteins are made in an RNA-catalysed fashion, as translation proved to be resistant to mild proteolytic treatment (7) . Final proof for ribosomal RNAs being the catalyst in protein formation, rather than ribosomal proteins, came from high-resolution crystal structures that revealed that the peptidyl transferase centre is made up exclusively of RNA constituents (6, 8) . In all likelihood, RNA-catalysed reactions had a broader range of substrate classes during evolution; however, due to the greater chemical diversity of amino acid side chains, proteinaceous enzymes would take over in the transition from These result in joined exons and linear and lariat introns, respectively. RNA hydrolysis catalysed in trans by the M1 RNA subunit of bacterial RNase P. (C) results in a phosphate containing 5 end of the mature tRNA as the 3 cleavage product (3 P) and a 3 hydroxyl group at the 5 cleavage product (5 P). Small nucleolytic ribozymes undergo transesterification reactions in cis (D), in which a specific 2 -hydroxyl attacks the neighbouring 3 ,5 -phosphodiester bond. This results in a 2 ,3 -cyclic phosphate and a 5 hydroxyl at the 5 and 3 cleavage products, respectively. (E) Peptide bond formation catalysed in the ribosomal peptidyl transferase centre. This figure was adapted from (163) . the RNA World (9) to the current protein-dominated life. Such a shift in mode of operation is not easily conceivable for the peptidyl transferase centre in the ribosome and indeed this most central reaction in the generation of proteins remained RNA-catalysed. To make up for the limited chemical variability of the RNA nucleobases, in comparison to proteins, the efficiency of the essential, non-replaceable peptidyl transferase reaction was improved by other means. Examples of these improvements include not only the obvious ribosomal and auxiliary proteins, but also the more than one hundred chemical modifications that are known to occur in tRNA molecules (10) . These modifications allow for an optimized translation as a consequence of altered binding energies between codon and anticodon, as highlighted recently in a seminal contribution (11) . While most tRNA modifications are not absolutely essential, the absence of individual chemical modifications on tRNAs can have dramatic effects on protein translation (12) , which results in protein aggregation (13) , further highlighting their importance in and necessity for the optimization of the peptidyl transferase reaction.
By contrast, the four building blocks of RNA appear well suited to catalyse reactions at 3 ,5 -phosphodiester bonds, often with the help of divalent metal ions and, occasionally, a small-molecule catalytic co-factor in the glmS ribozyme (14, and see below). Beyond the self-splicing introns and the M1 RNA mentioned above, an increasing number of ribozyme classes catalysing cleavage reactions of phosphodiester bonds was discovered in the past 30 years. Together, these RNA motifs form the family of the self-cleaving ribozymes, as they naturally cleave distinct positions in their own phosphodiester backbone ( Figure 2 ). As the reaction is reversible, the ribozymes can in principle also accelerate the reverse, ligation reaction ( Figure 2 ). This is, however, observed only in some cases due to instability of the products of the cleavage reaction. A significant body of data has accumulated on the structures of these catalytic RNA motifs and the varying catalytic strategies that they apply in their reactions. In this review, we summarize different approaches that were used to discover entirely new self-cleaving ribozyme motifs, or to identify novel examples of known motifs in various genetic contexts. Compared to their structures and mechanisms, the biological functions--particularly of the newly discovered, genomically encoded ribozyme motifs--have attracted less attention. We summarize the current understanding for those ribozymes where functions are known or emerging.
DISCOVERY OF SELF-CLEAVING RIBOZYMES
The first structural class of self-cleaving ribozyme to be discovered was the hammerhead ribozyme ( Figure 3A ). It was found in the minus polarity strand of satellite RNAs of the tobacco ringspot virus (15) after a significant body of work investigating the replication mechanisms of satellite RNAs. Additional self-cleaving ribozyme classes were also discovered as a result of studying biological systems in which they participate. The plus polarity strand of the tobacco ringspot virus satellite RNA revealed the hairpin ribozyme (16; Figure 3B ), and only two other examples of hairpin ribozymes are known to date (17) . This research and observations that hepatitis ␦ virus (HDV) has similar properties to those of plant satellite RNAs spurred the identification of the HDV ribozyme ( Figure 3C; 18 ). Finally, the Varkud satellite (VS) ribozyme ( Figure 3D ) was found in transcripts of DNA satellites associated with mitochondria in certain Neurospora isolates (19) .
DISCOVERY BY BIOINFORMATICS
The remaining self-cleaving ribozyme classes, among those currently known, were found bioinformatically. The glmS ribozyme ( Figure 3E ) was uncovered in a search for novel classes of riboswitches (20) . Riboswitches are RNAs that regulate genes based on their ability to detect a specific small molecule metabolite or ion ligand (21) . Since riboswitches usually occur in the 5 UTRs of bacterial genes, the search compared InterGenic Regions (IGRs) in the bacterium Bacillus subtilis against those of other Firmicute species. Conserved IGRs upstream of metabolic genes were investigated further. The glmS ribozyme is found in the 5 UTRs of glmS mRNAs, whose product synthesizes glucosamine 6-phosphate (GlcN6P). The ribozyme cleaves itself only in the presence of high concentrations of GlcN6P (14) , and, in a negative feedback loop, this cleavage dramatically reduces gene expression of glmS (22) . Roughly 10 years later, a general search for all types of conserved RNA structures in bacteria revealed the twister ribozyme ( Figure 3F ; (23) . This search analysed multiple lineages of bacteria and archaea (24) . In brief, for each lineage, it grouped together similar IGRs based on BLAST (25) comparisons. For each group of similar IGRs, the process determined a possible secondary structure using the CMfinder software (26) and automatically provided a score to indicate the likelihood that each IGR group exhibits an evolutionarily conserved secondary structure. This search uncovered many RNAs of various types (24) , including a conserved RNA motif now known as the twister ribozyme ( Figure 3F ).
The initial clue that this RNA might function as a ribozyme was that the genes frequently found near to bacterial twister ribozymes are also commonly found nearby to bacterial hammerhead ribozymes (23) . This similarity in associated genes suggested a similar function, a hypothesis that was confirmed experimentally (23) . The reason for the gene associations that twister and hammerhead ribozymes share has not yet been determined. Regardless of the biological role of the ribozyme in these genomic contexts, the fact that two structurally unrelated self-cleaving ribozyme classes are frequently found in these locations suggests both that there is some biological need for highly efficient selfcleavage activity, and that the exact RNA motif is unimportant. These facts, in turn, suggest that there might be additional self-cleaving ribozyme classes in these locations that serve the same, as-yet unknown purpose (27) .
This hypothesis was explored (27) by first enumerating genetic elements commonly associated with self-cleaving ribozymes in bacteria, and then extracting IGRs near to these genetic elements. These IGRs were expected to be enriched for self-cleaving ribozymes, and were therefore analysed with the above mentioned method (24) to find con- Figure 2 . The cleavage and ligation mechanism of small nucleolytic ribozymes. The 2 OH attacks nucleophilically the neighbouring 3 ,5 -phosphodiester bond. Upon passing through a trigonal bipyramidal transition state, the cleavage reaction yields a 5 product with a 2 ,3 -cyclic phosphate and a 3 product with a 5 OH. In the reverse ligation reaction, this 5 hydroxyl group attacks the 2 ,3 -cyclic phosphate, and, passing through the same transition state, the two RNAs are joined by a conventional 3 , 5 phosphodiester. served RNA structures. RNA structures in these IGRs were considered to be candidate self-cleaving ribozymes.
Three novel classes of self-cleaving ribozymes were found in this manner (27) : twister sister (27) , hatchet (28) and the pistol (29) ribozymes ( Figure 3G -I). Additional RNA structures were discovered that did not cleave in experiments (27, 30) , and the functions of these RNAs are thus far unknown. It is possible that some of them function as ribozymes, but were not active in the experimental conditions tested.
DISCOVERY BY HIGH-THROUGHPUT EXPERIMEN-TAL METHODS
Non-natural self-cleaving ribozyme classes have been discovered by an in vitro selection strategy, e.g. (31, 32) . In such a strategy, randomly synthesized RNA molecules are subjected to a selection procedure in a laboratory such that self-cleaving RNAs can survive and be replicated, while other RNAs generally fail to be propagated. After multiple rounds of repeated selection, the pool of RNAs becomes heavily enriched for self-cleaving ribozymes.
Such a strategy is also capable, with adjustments, of finding natural self-cleaving ribozymes (33) . By using RNA transcribed from a library derived from the human genome as starting material (instead of random RNA molecules), the selection would amplify any self-cleaving ribozymes present in humans. Although this work did not result in the discovery of a novel structural class, it uncovered previously unknown variants of HDV ribozymes in humans and other mammals (33) . Thus, experimental methods are also capable of discovering self-cleaving ribozymes.
SIMILARITY SEARCH
Computational methods to find sequences that are similar to known examples can find new examples of self-cleaving ribozymes, although these approaches are by definition not capable of finding new structural classes. (We avoid the term 'homology search', because there is good reason to believe that some structurally similar ribozymes might re-sult from convergent evolution (34) . Thus, we say that ribozymes belong to the same structural class, although homology is less certain.) Most notably, similarity searches were fundamental to the discovery of the widespread nature of HDV (35) and hammerhead (36) (37) (38) (39) (40) ribozymes, which earlier were thought to be in a much less diverse group of organisms. (One work, however, found widespread hammerhead ribozymes using the previously discussed method to discover conserved RNA structures de novo, where one such RNA structure was found to correspond to bacterial hammerhead ribozymes (41) ).
Similarity search methods can be divided into two main categories: structural profiling and pattern matching. Structural-profiling methods exploit statistical models of an RNA's sequence and structural conservation. The most popular statistical model for structural profiling is the covariance model (42, 43) . Covariance models use the frequencies of nucleotides and base pairs in the columns of an RNA's multiple-sequence alignment in order to find statistically similar sequences. A fast and highly accurate implementation that provides statistical significance of predicted homologs (in the form of E-values) is found in the Infernal software (44) . The only input needed by a covariance model is a multiple-sequence alignment annotated with a conserved secondary structure, and the sequences to be searched. Covariance models allow for highly accurate searches of ribozymes and other RNAs.
The other similarity search technique popular with selfcleaving ribozymes is based on a user-defined search pattern that specifies the conserved sequence and structural features of a particular self-cleaving ribozyme class. For example, many studies (35) (36) (37) 40) have used RNABOB (45; http://eddylab.org/software.html), and several similar computer programs have also been successfully applied. Defining a good search pattern can be much more difficult than working with covariance models (46) , and covariance models automatically exploit even slight biases in nucleotide frequencies to detect similar sequences. However, most known self-cleaving ribozymes have certain positions that exhibit extremely high conservation, and, in practice, pattern-based searches have been successful for these RNAs, e.g. (37) . (167) with the binding position of its cofactor glucosamine 6-phosphate (GlcN6P). (F) A type-P1 twister ribozyme from rice. The inset shows type-P3 (left) and type-P5 (right) permuted forms (23) . Examples of a twister sister (G), hatchet (H) and a pistol (I) ribozymes (27) . For each motif the helices are named or numbered in black according to the most-established nomenclature for that ribozyme class. This figure was drawn with R2R (168) and Adobe Illustrator.
PRINCIPLES OF RIBOZYME CATALYSIS
The thorough investigation of the small nucleolytic ribozymes in vitro has addressed important aspects of the chemical mechanisms by which the transesterification reactions ( Figure 2 ) are accelerated. Together with extensive structural studies, these investigations have resulted for most ribozymes in a rather complete picture of their physicochemical behaviour, as detailed in several excellent articles, e.g. (47) (48) (49) (50) (51) . The most recent comprehensive review contains a detailed discussion of biochemical and other aspects of all self-cleaving ribozymes discovered up to and including the twister ribozyme (51) . However, several new ribozyme motifs were subsequently uncovered (27) (28) (29) and their analysis allows us to deduce commonalities of catalysis for all self-cleaving ribozyme classes, as summarized below. All natural small nucleolytic ribozymes feature helical segments that are connected by formally unpaired, often highly conserved nucleotides ( Figure 3 ). The latter are usually involved in the formation of tertiary interactions with other parts of the ribozyme, leading to a compaction of the (52, 53) . Additionally, the 2 OH can be acidified by hydrogen bond donation to it (␥ ') or by preventing inhibitory interactions (␥ "). Frequently, the N1 atom of a guanine contributes to the ␥ strategy, and the exocyclic amine of (sometimes the same) guanine to the ␥ ' principle, while the functional groups involved in the realization of the ␤, ␥ " and ␦ principles are more variable. For details see (54) .
RNA structure and notably the formation of the catalytic centre that is required for the rate enhancement of the cleavage reaction. For this, four classical principles (␣-␦) have been coined ( Figure 4 ): in-line arrangement for the nucleophilic attack by the 2 OH and departure of the leaving group (␣), neutralization of the negative charge at the two non-bridging oxygens (␤), deprotonation of the attacking 2 OH (␥ ) and neutralization of the negative charge at the 5 oxygen atom (␦; 52, 53) . A recent study compared more than 80 high-resolution structures of four small endonucleolytic ribozymes, to determine the extent by which the four principles contribute to catalysis in individual catalytic RNA motifs (54) . This study further uncovered two additional principles, termed ␥ ' and ␥ ", which also contribute to the activation of the 2 OH nucleophile by a guanine. In brief, both lead to an acidification of the 2 OH: in the ␥ ' principle by hydrogen bond donation, and in the ␥ " principle by the release of the 2 OH from inhibitory interactions through competitive hydrogen bonding (54) .
For an in-line attack, the ideal 180 • arrangement of the 2 oxygen, the central phosphate atom and the departing 5 oxygen (Figure 4 ) is expected to be realized only in the short-lived transition state of the reaction, if at all. Consequently, a ground state crystal structure could deviate from this arrangement. The closer the arrangement is to 180 • in the ground state, the higher the contribution of the ␣ strategy is presumed to be, for a given ribozyme. This is exempli-fied by the hammerhead, glmS and pistol ribozymes, which deviate by less than 30 • from the ideal arrangement (54) .
For the neutralization of negative charges at the nonbridging oxygens (␤ strategy, Figure 4 ), divalent metal ions or hydrogen atoms bound to either oxygen or nitrogen atoms are in place in the different ribozyme motifs, and often, the ␤ principle employs intricate hydrogen bonding networks (54) . The hammerhead ribozyme, for example, employs hydrogens from either a water molecule or a 2 -hydroxyl, and a divalent metal ion (54) . These interactions in the hammerhead ribozyme appear fewer in number compared to other ribozymes, as the glmS, twister, pistol and hairpin ribozymes employ complex hydrogen bond networks contributing to the ␤ strategy. In these ribozymes, exo-and endocyclic amines, ordered water molecules or exocyclic hydroxyl groups serve as hydrogen bond donors. Notably, for the glmS ribozyme, two such interactions are contributed by the GlcN6P cofactor (54) .
Arguably most important for the overall catalytic rate enhancement of the nucleolytic ribozymes is the use of general acid-base catalysis (55) , frequently performed by dedicated nucleobases. For example, in the hairpin, twister and VS ribozymes, elegant pH-dependent kinetic analyses of the cleavage reactions have identified specific guanosines as base and adenines as acid in the realization of the ␥ and ␦ principles of catalysis (55) (56) (57) (58) (59) (60) (61) . As a variation to this "G/A" mechanism, the glmS, the hammerhead and the pistol ribozymes also employ the N1 atom of guanines as the general base, however, they all differ in the nature of the general acid, a role that is fulfilled by the GlcN6P cofactor, the 2 hydroxyl and a divalent metal ion, respectively (55, 62) . The general acid-base mechanism of these ribozymes thus can be described as "G/X", or more generally as "N/X", with N for nucleotide and X for a variable chemical entity. As a variation of an "N/X" general acid-base mechanism, the HDV and the twister sister ribozymes use a nucleotide for general acid-base catalysis: in the HDV ribozyme, a cytosine acts as the general acid and a metal ion bound water molecule as the general base, and the same chemical entities are also thought to act in the mechanism of the twister sister ribozyme (63) (64) (65) (66) .
In summary, the principles of RNA catalysis, as described above, are rather well understood, thanks to a substantial body of kinetic and structural studies (summarized in 51, 54) . By contrast, comparatively little is known about the biological functions of ribozymes. However, some principles are emerging, and these will be summarized next.
BIOLOGICAL ROLES OF SELF-CLEAVING RI-BOZYMES
Although much remains to be learnt about the biological significance of self-cleaving ribozymes, their abundance and wide distribution suggest that they fulfil important functions in nature. Some of these functions have been deciphered, but for many more ribozyme examples, they remain to be elucidated. To date, self-cleaving RNAs are known to play crucial roles in rolling circle replication of some circular RNA entities, such as viroids or plant virus satellite RNAs, have been found as parts of numerous retrotransposons, and in isolated cases have been shown to play roles in mRNA biogenesis and gene regulation. In the following subsections we will briefly summarize these ribozyme functions.
SELF-CLEAVING RIBOZYMES IN REPLICATION OF CIRCULAR MOLECULES
For viroids, plant virus satellite RNAs, HDV RNAs and in transcripts of the mitochondrial Varkud plasmid in Neurospora crassa, self-cleaving ribozymes play an integral role in replication.
Viroids are circular RNAs that do not code for a protein (67, 68) . They use their hosts' transcription and processing machinery in concert with their own RNA elements to propagate (69) . Viroids can be divided into two distinct families: the Avsunviroidae, which are named after the Avocado Sunblotch Viroid (ASBVd), and the Pospiviroidae named after the Potato Spindle Tuber Viroid (PSTVd). Members of both families undergo rolling circle replication. For Pospiviroidae, this is performed in the nucleus and in an asymmetric fashion that relies, however, fully on the plant host's enzymes without involvement of ribozymes (reviewed in 70).
Avsunviroidae replicate their single-stranded, circular RNA genomes in chloroplasts through the symmetric rolling circle mechanism. Integral steps of this mechanism are carried out by hammerhead ribozymes, which have been found in the strands of both polarities (71, 72) . In this process, the single-stranded, circular RNA referred to as (+) strand is transcribed by the hosts' DNA-dependent RNA polymerase (Pol) into an RNA, referred to as the (−) strand ( Figure 5A ). Although not typical, some DNAdependent RNA polymerases, including RNA Pol II can use certain RNA molecules as templates (73) (74) (75) . The previously mentioned (−) strand RNA contains multiple reversecomplement copies of the (+) strand that are concatenated together, making it 'oligomeric' or 'multimeric'. In the multimeric (−) strand, hammerhead ribozymes can fold and become active. Their cleavage generates monomeric units, which host enzymes circularize. For example, plant tRNA ligases could catalyse the connection of RNAs with a 2 ,3cyclic phosphate and 5 -hydroxyl group generated by ribozyme cleavage (76, 77) ; for Avsunviroidae, the chloroplastic isoform of tRNA ligase indeed was shown to be involved in their circularization (78) . The resulting circular (−) strand RNA serves as a template for the synthesis of a new (+) strand via analogous (symmetrical) transcription, cleavage and ligation steps (reviewed in 68, 70) .
Other types of circular RNAs also use ribozymes as part of their rolling circle replication scheme. Plant virus satellite RNAs ( Figure 5B ), for example, can replicate only in the presence of a helper RNA virus, whose proteins also perform necessary tasks for the satellite RNA (68, 79) . As with viroids, ribozymes contribute to replication by cleaving the multimeric linear transcripts into monomers. These monomers are ligated such that they form circles, a reaction often carried out by cytoplasmic tRNA ligases (76) . However, unlike the ribozymes in viroids, some ribozymes in satellite RNAs can, at least in vitro, catalyse self-ligation, in addition to self-cleavage. All known satellite RNAs that use a catalytic RNA during rolling circle replication use hammerhead ribozymes, and three of these satellite RNAs addi-tionally employ hairpin ribozymes encoded in their minus polarity strand (15, 80, 81) . These three satellite RNAs are the only known natural occurrences of the hairpin ribozyme (17) . Indeed the hairpin ribozyme is an efficient RNA selfligase ( Figure 2 ), which suggests that it --and not a proteinaceous enzyme--might also perform the circularization step in vivo (80, 82) .
Satellite RNAs can use the symmetric or asymmetric rolling circle pathway. Satellites that use asymmetric rolling circle replication, where no circular RNA intermediate is formed (Figure 5B ), employ hammerhead ribozymes only in the (+) strand. However, satellites using the symmetric rolling circle mechanism use ribozymes on both strands (+ and −, Figure 5A ). In known examples, these ribozymes either both belong to the hammerhead ribozyme class or there is a hammerhead on one strand and a hairpin ribozyme on the other (80, 83, 84) .
A subviral entity closely related to viroids is the HDV RNA. Similarly to plant virus satellite RNAs, HDV RNA depends on a helper virus (the Hepatitis B Virus) for its transmission (68) . The HDV RNA has been found in higher eukaryotes, including humans, and has a genome size of about 1,700 nucleotides (85) . The HDV RNA is divided into two distinct domains, one of which contains the coding sequence for a protein, the delta-antigen (␦Ag; [86] [87] [88] . The other genomic region corresponds to a ∼350 nt viroidlike sequence that folds into a rod-like secondary structure for protection against cellular RNases and contains self-cleaving ribozymes necessary for replication in its terminal part (88) (89) (90) . The HDV RNA replicates via a symmetric rolling circle mechanism catalysed by host enzymes such as a DNA-dependent RNA polymerase and progresses through subsequent co-transcriptional self-cleavage of HDV ribozymes (91) (92) (93) . The resulting RNA fragments can be ligated by other host-specific enzymes, which are presumed to resemble the tRNA ligases used for this purpose in plants (94) .
In the fungus Neurospora crassa, self-cleaving ribozymes are part of a rolling circle mechanism that includes a DNA stage. In the Varkud isolate of Neurospora, the mitochondria contain an 881-nt DNA plasmid (Varkud plasmid) whose transcription product is an oligomeric RNA containing self-cleaving ribozymes (19, 95) . These VS ribozymes perform cleavage and ligation reactions in vitro, which are both necessary for the replication of the satellite RNA (96) (97) (98) (99) . The oligomeric transcript is cleaved into monomers by the VS ribozyme, which, in turn, ligate these monomeric RNAs to generate circular RNA intermediates. These circular RNAs are thought to serve as templates for reverse transcription by an RT encoded on the Varkud plasmid. After displacement or degradation of the RNA template from the (−) strand cDNA, synthesis of the (+) strand DNA and ligation to generate a closed circular DNA presumably occur (97) .
SELF-CLEAVING RIBOZYMES AS PART OF RETRO-TRANSPOSONS
There are several self-cleaving ribozyme classes that are found as parts of retrotransposons. A retrotransposon is a type of mobile genetic element that can move copies of it- Dotted lines indicate cleavage sites that define a single unit within the oligomeric RNA. Units are separated by hammerhead ribozyme cleavage and circularized by host enzymes, such as tRNA ligase. The circular (−) strand RNA is used for a second round of amplification yielding the (+) strand genome. In some plant virus satellite RNAs a hairpin instead of a hammerhead ribozyme could catalyse the cleavage of (+) strand oligomeric transcript, as well as potentially the ligation of the (+) strand linear monomer into a circular RNA. (B) Asymmetric rolling circle mechanism in plant virus satellite RNAs. First, the (+) strand RNA is transcribed by the host RNA polymerase into a long oligomeric transcript, the (−) strand RNA. Then the (−) strand RNA serves as template for a second transcription resulting in an oligomeric (+) strand. Hammerhead ribozymes, which are encoded in the (+) strand, cleave the oligomeric transcript into linear monomers. These unit-length transcripts are circularized either by ribozyme-mediated or enzymatic ligation. self to different locations within the genome. In this process, the retrotransposon is first copied from the genomic locus by transcription into RNA. Then this RNA intermediate is reverse transcribed into cDNA and inserted back into the genome at a new location. To facilitate this process, retrotransposons usually encode proteins such as reverse transcriptases (RTs) or endonucleases (ENs; 100). Here, we will briefly discuss the self-cleaving ribozyme-containing R2 elements, the L1Tc retrotransposon found in Trypanosoma cruzi, short interspersed nuclear elements (SINEs) in Schistosomes, Penelope-like elements and retrozymes.
A very well-studied retrotransposon subclass, which contains HDV-like ribozymes, are so-called R2 elements. These non-long terminal repeat (non-LTR) retrotransposons insert site-specifically into ribosomal DNA (rDNA). First discovered in Drosophila melanogaster (101, 102) , examples of these elements are now known in other insect species such as the silkmoth Bombyx mori (103, 104) , in arthropods, nematodes, birds and tunicates (105) . R2 elements can only integrate at one position within 28S rRNA genes, defined by sequence features at this location ( Figure 6A) . This re-striction in genomic location of R2 elements made them relatively easy to study (105) .
R2 elements are composed of an open reading frame (ORF), which encodes the R2 protein and is flanked by 5 and 3 untranslated regions (UTRs, Figure 6B ). The R2 protein is a multi-domain protein that harbours DNA-binding domains, a reverse transcriptase domain and an endonuclease domain ( Figure 6C; (106-109) . The R2 protein and its UTRs are able to achieve retrotransposition, although additional host factors are likely also involved. As part of the R2 element, the HDV-like ribozyme appears to be important for several aspects of retrotransposition. First, as the full-length R2 element is co-transcribed with the 28S rRNA by RNA polymerase I (110), the ribozyme, which is present in the first ∼184 nt of R2 (111, 112) , cleaves this transcript and thus separates it from the 28S rRNA. Second, to allow translation of the uncapped R2 protein transcript, the HDV-like ribozyme is thought to function as an internal ribosomal entry site (IRES, Figure 6D ; [113] [114] [115] [116] . Third, the R2 protein can bind both of its transcript's UTRs, which facilitates the integration process (117, 118) . In the 5 UTR, the R2 protein binds to a pseudoknot that is part of an extended sequence within the conserved HDV ribozyme (111, 119) . Thus, R2 protein binding supports genome integration of the retrotransposon by a mechanism independent from self-cleavage. Lastly, a by-product of ribozymemediated processing of the 28S co-transcript is the propagation of several non-autonomous parasites of R2, so-called SIDEs (short internally deleted elements). These truncated R2 elements have lost their ORF, but are able to replicate non-autonomously using R2 proteins provided in trans by complete R2 elements (120) .
Apart from retrotransposons that insert site-specifically into the host genome, there are other self-cleaving ribozymes found in association with retroelements that insert with little specificity, and can be found essentially anywhere in the genome. In Trypanosoma cruzi the retrotransposon L1Tc ( Figure 6E ) occurs in disparate genomic locations often nearby to repetitive DNA, and forms tandem repeats (121) . L1Tc is a type of long interspersed nuclear element (LINE). Like all LINEs, L1Tc carries all genetic elements required for its transposition, and as such is termed 'autonomous'. In its 5 UTR, L1Tc contains an HDV-like ribozyme, which is active in co-transcriptional cleavage assays (122) . Thus, in this example as well, the ribozyme can trigger the release of the transposable element, in this case from long polycistronic transcripts, which are common in Trypanosomes (122) . In eukaryotes, a 5 cap and 3 poly(A) tail are normally required for an efficient start of translation. In certain cases where these essential features are absent, HDV-like ribozymes likely support translation initiation instead. As in the case of R2 retrotransposons, it has been proposed that HDV-like ribozymes can function as IRESes (122) . In vitro investigations and in vivo translation assays revealed translation efficiencies similar to or higher than that of the Hepatitis C Virus IRES positive control (114) . Therefore, it seems likely that the HDV-like ribozyme in L1Tc and R2 elements acts similarly to an IRES, presumably by binding the translation machinery and enabling translation initiation.
In the aforementioned secondary structure-based computational searches, HDV-like ribozymes were found to be widespread in nature (35) . Among the uncovered examples, there were several HDV-like ribozymes found in close proximity to genes coding for RT-like proteins, and these proteins are typical of retrotransposons. Also, many genomic regions were found in which hundreds of intergenic HDVlike ribozyme copies were each located between conserved downstream sequences and different upstream sequences (35) . In these cases, the downstream regions could reflect conserved retrotransposon elements, while the differing upstream regions are consistent with varying integration sites. Thus, these ribozyme examples could be parts of retrotransposons.
In the same computational search, additional examples were identified, which also contain HDV-like ribozymes and belong to so-called baggins retrotransposons and retrotransposon-like elements (RTEs). These elements do not carry their own promoters, but are transcribed because they occur in introns or immediately downstream of LTR retrotransposons (114, 123) . Some LINEs and nonautonomous SINEs also make use of hammerhead or Nucleic Acids Research, 2019, Vol. 47, No. 18 9489 HDV-like ribozymes, and these are known in a diverse variety of metazoans (114, 124) . In all these cases, it is likely that the self-cleaving ribozymes function to liberate the mobile genetic element from its co-transcript, as in the examples described earlier.
Retrotransposons can be grouped into different subclasses that are distinguished by the presence of LTRs that usually serve as transcriptional promoters (125) , and/or their capacity to code for reverse transcriptases. One family of retrotransposons that does not exactly fit these distinctions, and therefore forms its own subclass, is that of Penelope-like elements (PLEs; 126, 127) . Penelope-like elements have been identified in different phyla of eukaryotes. They are massively widespread in metazoans, can be found in vertebrates, but not in mammalian genomes and their distribution includes genomes of fungi, plants and protists (126, 128, 129) .
PLEs code for reverse transcriptase and endonuclease enzymes and carry Penelope-like LTRs (PLTRs) at their ends ( Figure 6F; 130 ). PLEs are about 3 kb on average and the PLTRs always contain hammerhead ribozymes, as shown recently (131) . PLEs are often found adjacent to oneanother in a 'tandem' arrangement, as they tend to insert into or adjacent to pre-existing PLE copies. This tandem arrangement is likely needed for the element to be expressed (132) . PLEs typically contain transcriptional promoters in their PLTRs. From this promoter, downstream PLEs within a tandem arrangement ( Figure 6F ) can be transcribed, as confirmed by studies of tandem PLE elements demonstrating that the downstream PLE's transcript start site lies in the PLTR of its upstream partner (129) .
Additionally, the tandem arrangement of PLEs also appears to be necessary for efficient ribozyme cleavage. The hammerhead ribozymes in PLEs have a palindromic, extremely short loop in stem III and are mostly of the type-I secondary structure, where the 5 and 3 end of the ribozyme come together in stem I ( Figure 3A ). Hammerhead ribozymes with short stem III structures have been previously hypothesized to be thermodynamically unstable (133) and subsequent analysis showed that it is likely that these RNAs do not cleave as monomers, but form dimers (131, 133, 134) . Thus, the PLE's frequent tandem layout might help adjacent hammerhead ribozyme pairs to form dimers so that they can self-cleave.
As in vitro self-cleavage rates for PLE hammerhead ribozymes are very low, even as dimers, it is plausible that these RNAs rely in addition on other factors, such as RNA chaperones, to increase cleavage speed in vivo (131) . Cleavage of the PLE transcript by the ribozyme would generate RNA ends that could be ligated, either by the ribozyme's intrinsic ligation function ( Figure 2 ) or by proteinaceous ligases present in the cells (as mentioned above for the replication of circular RNAs). The resulting circular RNAs could serve as template for a rolling circle-like amplification step, similar to those shown in Figure 5 . Oligomeric transcripts, that have not been cleaved by the ribozyme to form monomers, can then be used by the PLE RT and EN enzymes to support genomic insertion of the retrotransposon (135) . This would automatically lead to a sequence of several adjacent PLEs, which is indeed how they are often observed in the genome. Such a repeat architecture would al-low efficient retrotransposition, because a downstream PLE can be transcribed by the promoter in the upstream PLE (126) .
Other elements that use hammerhead ribozymes are the subtype of SINE-like retrotransposons occurring in Schistosoma mansoni and related organisms (124, 136) . These retrotransposons are often found as part of repetitive sequences and appear to be transcribed by RNA polymerase III. In vitro cleavage assays have shown that the hammerhead ribozyme is capable of liberating SINE copies from multimeric transcripts by cleavage in cis or trans (124) . Once liberated, the RNA is copied into a DNA by reverse transcriptase, and this DNA integrates elsewhere in the host genome. However, as the RNA polymerase III promoter is located only at the 3 end of cleaved multimeric transcripts, single copies of the SINEs lose their ability to propagate ( Figure 6G; 124) . Thus, SINEs often occur in tandem repeats of at least two elements, where the 5 -most element transcribes the following SINEs (124) . As a variation of the theme, transcripts of satellite DNA in different newt species (137, 138) self-cleave by their embedded hammerhead ribozyme, but these transcripts appear to be generated by RNA polymerase II (137) .
In plants, the recently identified transposable elements termed retrozymes contain hammerhead ribozymes. Retrozymes are mostly found in eudicots, with some examples in ferns, monocots and algae. These roughly 1-to 1.5-kb-long elements are delimited by 4-bp target-site duplications (TSDs) and LTRs of about 350 bp that each harbour a hammerhead ribozyme ( Figure 6H; 139) . The central region of the element has a variable length of about 600-1000 bp and does not seem to encode a protein. While retrozymes are thought to replicate through rolling circle amplification ( Figure 5 ), they require proteins expressed from autonomous elements to insert new copies into the genome. Their central region is flanked by two conserved domains, the primer binding site (PBS) and a poly-purine tract (PPT), which are also typical for Ty3-gypsy long terminal repeat retrotransposons (139) . These regions are required for the mobilization of LTR-retrotransposons, as they serve to prime DNA synthesis from the linear RNA transcript (125, 140, 141) .
In summary, self-cleaving ribozymes in retrotransposons enable propagation through self-cleavage and self-ligation. However, in studying self-cleaving ribozyme functions we should consider additional possible activities that these catalytic RNA can achieve, e.g. functioning as an IRES or interaction partner for proteins.
SELF-CLEAVING RIBOZYMES IN EUKARYOTIC GENE REGULATION AND MRNA BIOGENESIS
Several self-cleaving ribozymes have been implicated to play roles in gene regulation and mRNA biogenesis. HDV-like ribozymes in CPEB3 genes in mammals (33) and hammerhead ribozymes in amniotes (39, 142) are each found in introns. This genomic location suggests a possible ribozyme function on pre-mRNA processing and/or alternative splicing, even though definitive experimental proof has yet to be brought forward. Another possibility for ribozyme involvement in mRNA biogenesis includes an unusual ham-merhead ribozyme that was described in some mammalian C-type lectin (Clec2) and Clec-like genes (143) . The hammerhead structure in this RNA is separated by an insertion of several hundred nucleotides. The ribozyme is only active when these flanking regions come together, allowing them to fold into the ribozyme structure. In vitro, cleavage for such a bipartite hammerhead ribozyme was observed. Interestingly, the ribozyme cleavage site lies exactly between the translation termination and polyadenylation signal within the 3 UTR. This means that upon cleavage the polyadenylation signal is removed from the 3 end of the mRNA, which leads to a reduction in protein expression in vivo (143) . The discovery and characterization of this unusual ribozyme example has fuelled the search for transcleaving ribozymes (144) .
SELF-CLEAVING RIBOZYME BIOLOGY IN BACTERIA
The recent discovery of new self-cleaving ribozyme classes by comparative sequence analysis is based on the observation that, in bacteria, self-cleaving ribozymes are often found in close proximity to each other or to certain types of genes (see ribozyme discovery section). This observation, however, not only provides the means to discover more selfcleaving ribozymes, but also opens up the possibility to decipher their biological roles in bacteria, which so far are largely elusive.
To date the only well-understood example of bacterial self-cleaving ribozyme function is the afore-mentioned glmS ribozyme class (14) . Here, the fact that this RNA is only found in the 5 UTR of the glmS mRNA immediately suggested a role in gene regulation similar to that of riboswitches. Distinct to the majority of those motifs (145), however, the specific metabolite GlcN6P does not induce a conformational change, but is directly involved in the self-cleavage of the mRNA, as detailed above. Hence, the GlcN6P-induced cleavage of the glmS mRNA followed by the degradation by cellular RNases (22) provides the means for negative feedback regulation in many Gram-positive and some Gram-negative bacteria (146) .
An HDV-like ribozyme discovered in Faecalibacterium prausnitzii is located upstream of the glmM gene coding for phosphoglucosamine mutase. This location suggests a possible involvement in metabolite-dependent gene regulation (147) as has been proven in the case of glmS self-cleaving ribozymes (14) .
In addition to the glmS ribozyme, a biological role for some bacterial hammerhead (41) and twister ribozyme examples (148) has been suggested in the processing of mR-NAs. These ribozymes have the potential to influence gene expression in the 3 UTR as illustrated by reporter constructs which were engineered to contain twister ribozymes in their 3 UTR (148) . It has also been suggested that selfcleaving ribozymes can process polycistronic transcripts and that these processing events could lead to transcripts with different stabilities or translation efficiencies (41, 148) , but additional work is needed to concretely define the specific purpose of these ribozymes. Due to their genomic location near phage genes, it is also likely that these ribozyme functions could be important in bacteriophages as well as in bacteria or their interactions (23, 27) .
OUTLOOK
While the principles of ribozyme catalysis are comparably well understood, the biological function of most genomically encoded catalytic RNAs remains to be deciphered. The use of bioinformatics has in recent years significantly increased the number of both ribozyme families and examples of old and new members thereof. Most of these, however, are functionally orphans, and only hypothetical functions of such motifs have been discussed in the context of the genomically encoded hammerhead ribozymes (149) . One aspect that has not been in the limelight of ribozyme research is the ubiquitous formation of RNA-protein complexes (RNPs) in cellular systems, and in particular for both group II introns and RNase P, the functional importance of the respective interacting proteins on RNA catalysis is well documented (e.g. (150, 151) . Although RNPs have been reported for some nucleolytic ribozymes, or a positive contribution of proteins to their catalysis has been reported, e.g. (152) (153) (154) (155) (156) (157) (158) or hypothesized (27) , there is little known about the nature of the endogenously interacting protein(s), nor their general influence on ribozyme function in vivo. In recent years, several unbiased experimental approaches have been established that allow for the identification of RNPs from cellular systems (159) (160) (161) (162) . Given that virtually all RNA molecules in cellular systems interact with proteins, we propose that the application of such methods to ribozymes might lead to the identification of their proteinaceous interaction partners. Such endogenous proteins interacting with ribozymes (EPIRs) might bind their catalytic RNA specifically or non-specifically. In either case, their nature and characterization in vivo or in vitro could shed light on the long-standing question (137) of the biological function of genomically encoded ribozymes.
